Review of Optical Unification
In weakly coupled heterotic strings, the unification scale for running couplings has a lower limit of around Λ H ∼ 5 × 10 17 GeV [1] . In contrast, the running of the couplings upward from measured values at M Z o predict Minimal Supersymmetric Standard Model (MSSM) SU(3) C ×SU(2) L ×U(1) Y ([321]) gauge coupling unification at Λ U ∼ 2.5 × 10
16 GeV when an intermediate scale desert is assumed [2] . One resolution is a grand unified theory (GUT) between the MSSM and string scales. However, with the exception of flipped SU(5) [3] (or partial GUTs such as the PatiSalam SU(4) C × SU(2) L × SU(2) R [4, 5] ), string GUTs cannot be generated by levelone Kač-Moody algebras (since they lack the required adjoint higgs and/or higher dimensional scalar representations) and models based on higher level Kač-Moody algebras vastly prefer even numbers of generations [6, 7, 8] . Alternately, strong coupling effects of M-theory can lower Λ H down to Λ U [9] . On the other hand, intermediate scale Λ I < Λ U MSSM-charged exotics could shift the MSSM unification scale upward to the string scale [10] .
The near ubiquitous appearance of MSSM-charged exotics in heterotic string models adds weight to the third proposal. However, most intermediate scale MSSMcharged exotic solutions might be viewed as accidental. While existence of the string unification scale would clearly be stable under shifts in the masses of the exotics, the prediction of an apparent lower-scale MSSM unification when MSSM-charged exotics are ignored would generally be unstable under these mass shifts. On the other hand, a set of intermediate scale MSSM-charged exotic particles satisfying "optical unification" constraints provide a robust method for stablizing apparent MSSM unification under such shifts [11] . With optical unification, a shift of the intermediate scale Λ I produces a shift in Λ U , rather than the disappearance of Λ U . This effect is parallel to a diverging lens always producing a virtual image between itself and a real object, independent of the position of the lens or real object. Hence, the choice of appellation for this mechanism.
Successful optical unification requires three things [11] . First, the effective level of the hypercharge generator must be the standard
(1. to δb 3 ; each SU(2) C exotic doublet contributes 1 2 to δb 2 . With the hypercharge of a MSSM quark doublet normalized to 1 6 , the contribution to δb Y from an individual particle with hypercharge Q Y is Q , while the remaining exotics carry no hypercharge [11] . Alternately, if the doublets carry too little hypercharge, some exotic SU(3) C × SU(2) L singlets could make up the hypercharge deficit. The next simplest solution requires four triplet/anti-triplet pairs and three pairs of doublets that yield δb Y = 2 2 3 either as a set, or with the assistance of additional non-Abelian singlets. For more than four triplet/anti-triplet pairs, (1.2) and (1.3) allow varying numbers of pairs of doublets.
Flat Directions of String Models
Quasi-realistic heterotic string models generically contain an anomalous U(1) A (for which Tr Q (A) = 0) [14] . The Green-Schwarz-Dine-Seiberg-Witten mechanism [15] breaks the anomalous U(1), and in the process generates a Fayet-Iliopoulos (FI) term, 1) in the associated D-term. The FI term breaks supersymmetry near the Planck scale and destabilize the string vacuum, unless it is cancelled by scalar vacuum expectation values (VEVs),
Thus, an effect of the anomalous U (1) A is to induce a non-perturbatively chosen flat direction of VEVs. Since the fields taking on the VEVs typically carry additional non-anomalous charges, a non-trivial set of constraints is imposed on the VEVs. The VEVs must maintain D-flatness for each non-anomalous gauge symmetry. For non-anomalous Abelian symmetries it is required that,
while for non-Abelian symmetries,
with T α a a matrix generator of the non-Abelian symmetry. The scalar VEVs will in general break some, or all, of the additional gauge symmetries spontaneously.
To insure a supersymmetric vacuum F -flatness, 5) must also be maintained for each superfield Φ m (containing a scalar field ϕ m and chiral spin-
superpartner ψ m ) appearing in the superpotential W . A typical string model contains a moduli space of perturbative solutions to the D-and F -flatness constraints, which are supersymmetric and degenerate in energy [16] . Much of the study of the phenomenology of superstring models involves the analysis and classification of these flat directions. The methods for this analysis in string models have been systematized in recent years [17, 18, 19, 5] .
String Model with Optical Unification Potential
The possibility of optical unification within the context of free fermionic heterotic strings was investigated recently [20, 21] . By altering some of the GSO projection coefficients in the models originally presented in [22] , but keeping the same free fermionic boundary vectors, a model with a set of SU(3) C exotic triplet/anti-triplet pairs, SU(2) L exotic doublets, and non-Abelian singlets satisfying optical unification requirements was constructed. Specifically, the model contains three pairs of exotic triplet/anti-triplets with Q Y = ± 1 3 , one pair of exotic triplet/anti-triplets with Q Y = ± 1 6 , three pairs of exotic doublets with Q Y = 0, and seven pairs of singlets with
. The model also contains four copies of higgs doublet pairs. (See Table 1 below. The complete set of states are given in Ref. [20] .) Optical unification requires that all four triplet/anti-triplet pairs, all three doublet pairs, and one pair of of exotic singlets with hypercharge take on an intermediate scale mass. The remaining six pairs of exotic singlets with hypercharge must take on masses above the MSSM unification scale, as must three out of four orthogonal combinations of the higgs.
The proposed optical unification model contains an anomalous U(1) A . Thus some of its scalar fields will necessarily receive FI-scale VEVs. We have begun a systematic search for flat direction VEVs that will induce FI-scale masses for the six extra pairs of exotic Q Y = ± 1 2 singlets and the three extra higgs, while keeping the four exotic triplet/anti-triplets pairs, three exotic doublet pairs, and one exotic Q Y = ± 1 2 singlent pair FI-scale massless. The first step in our sytematic search for D-and F -flat directions was to generate a basis set of D-flat directions. Routines have been developed for this using a singular value decomposition approach [18, 23] .
In our initial investigation only singlet fields with Q Y = 0 were allowed VEVs. The model contains 27 such fields: the three uncharged moduli Φ i=1,2,3 ; Φ 12 , Φ 23 , Φ 31 , and their respective complex conjugate fieldsΦ 12 ,Φ 23 ,Φ 31 ; and S j=1 to 9 and their respective complex conjugate fields,S j=1 to 9 . Of these, only S 7 , S 8 , and S 9 (andS 7 , S 8 , andS 9 ) carry anomalous charge. All D-flat directions containing only VEVs of these 27 singlet fields can be generated from a basis set of nine elements, denoted D i=1 to 9 , given in Table 3 below. Only D 1 , corresponds to a net negative anomalous charge, while all of the other eight correspond to no anomalous charge. Since the FI term has positive sign, any D-flat direction must contain D 1 and can contain any number of the D i>1 .
We applied stringent F -flatness constraints to all D-flat directions formed as linear combinations of the basis elements D i , with coefficients ranging from 1 to 50 for D 1 and D i≥7 , and ranging from -50 to 50 for D 1<i<7 . Since the Φ 12 , Φ 23 , Φ 31 , and S i fields have vector-like partner (complex conjugate) fields, a negative coefficient implies that the relevant vector partners take on the net VEVs. Stringent F -flat directions are those for which F -flatness does not require cancellation between two or more terms in a given F -term. This implies that at least two fields in a given F -term do not take on VEVs. We found that only one class of D-flat directions was stringently F -flat to all order. The FI-scale field VEVs for this class are:
<S 7S8 S 9 ><Φ 12 and/orΦ 31 and/or Φ 2 > .
( 3.1) That is, the fieldsS 7 ,S 8 , and S 9 must take on VEVs, while VEVs are optional for Φ 12 ,Φ 31 , and Φ 2 . The relative ratios of the squares of the norms of the VEVs vary for each option but are all of O(1 to 10). All other D-flat directions generated break F -flatness at third to fifth order in the superpotential. For the (3.1) class of flat directions none of the seven pairs of singlets with
receive mass. In constrast, six pairs must receive FI scale mass for optical unification. The three pairs of exotic doublets remain FI-scale massless as desired, as do the four pairs of exotic triplet/anti-triplets, unless Φ 2 receives a VEV. In the latter event, one exotic triplet/anti-triplet pair receives FI-scale mass from a third order term, D 4D4 < Φ 2 >, and another from a fifth order term, D 1D2 < Φ 2S8 S 9 >. The VEV of S 9 also results in one pair of higgs receiving FI-scale mass from a third order superpotential term. IfΦ 12 orΦ 31 receive a VEV, a second pair of higgs also receives similar mass.
The singlet flat-direction class (3.1) is insufficient because of its lack of related mass terms for the six extra pairs of singlets. Since all other singlet D-flat directions examined by us lose F -flatness before sixth order, non-Abelian flat directions appear necessary for realization of optical unification in our model. Thus we have begun to investigate phenomenologies of flat directions containing VEVs of the model's hidden sector fields. The model contains four pairs of SU (5) H 5/5 fields, and four pairs of SU(3) H 3/3 fields. We have found that all basis elements of non-Abelian D-flat directions make a positive contribution to the anomalous D-term. Thus, any D-flat direction with non-Abelian fields must contain the singlet direction D 1 (the only basis element with a net negative contribution) with a sufficiently large positive coefficient. The results of our non-Abelian flat direction study will appear in Ref. [24] . We will also be undertaking a systematic search for additional heterotic string models with optical unification potential.
Optical unification offers a phenomenologically appealing resolution to the factor of twenty difference between the apparent Λ U ∼ 2.5 × 10
16 GeV scale for MSSM unification scale, assuming an intermediate scale desert, and the lower bound of Λ H ∼ 5 × 10
17 GeV for coupling unification in weakly coupled heterotic strings. However, it is still unclear whether optical unification can, in fact, be realized in string models. Whether this is possible for NAHE-based free fermionic models, in particular, should be determined within the next year.
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